A[ntigen-specific]{.smallcaps} immune responses are initiated by activation of T cells. Apart from stimulation via the T cell receptor (TCR)^1^--CD3 complex, costimulatory signals are required to result in full activation or anergy, respectively ([@B44]). A group of costimulatory molecules that are attached to the plasma membrane by a glycosyl phosphatidylinositol (GPI)-anchor ([@B36]; [@B7]) is clustered in distinct detergent-resistant membrane domains (DRMs; [@B31]). Since a significant amount of Src family protein tyrosine kinases that play an essential role in T cell activation ([@B14]) are concentrated on the cytoplasmic side of DRMs ([@B49]; Cinek and Hořejší, 1992), signaling via GPI-anchored proteins strictly depends on their localization in membrane domains ([@B52]). However, recent studies revealed that also signaling via transmembrane proteins is based on DRMs since critical phosphorylation events stimulated via the platelet-derived growth factor receptor ([@B27]) and the high-affinity IgE receptor ([@B17]) occur in such membrane domains. Thus, DRMs appear to represent functional rafts ([@B47]) allowing spatially confined signaling events in general.

DRMs are insoluble in nonionic detergents due to their high content of cholesterol and sphingolipids ([@B8]; [@B42]; [@B20]). These lipids self-associate by hydrophobic interactions involving predominantly saturated acyl chains to constitute DRMs as a liquid-ordered environment ([@B1]). Interestingly, many proteins associate with DRMs by fatty acyl moieties, e.g., by a GPI-anchor or by NH~2~-terminal myristoylation and palmitoylation, as it is the case with Src family protein tyrosine kinases ([@B38]; [@B46]; [@B24]). However, since sphingolipids are exclusively situated in the outer leaflet of the plasma membrane, no clear model exists on the lipid composition of the inner leaflet of DRMs.

Polyunsaturated fatty acids (PUFAs) modulate immune response particularly by affecting T cell function ([@B58]). Accordingly, dietary PUFA supplementation modifies lymphocyte membrane phospholipids and function ([@B6]; [@B51]; [@B39]). Notably, PUFAs affect T cells independent of eicosanoid production ([@B40]; [@B10]; [@B18]). Therefore, PUFAs particularly of the (n-3) series have found clinical application not only for the prevention of atherosclerosis ([@B41]) but also for the treatment of various inflammatory diseases ([@B3]; [@B12]) and as adjuvant immunosuppressive agents ([@B53]). However, the underlying molecular and cellular mechanisms of PUFA-induced T cell inhibition have not yet been elucidated in detail.

Since lipid interactions are crucial for the formation of DRMs, the immunosuppressive effects of PUFAs could be due to changes in DRM structure and composition. Here we can show, that inhibition of T cell signaling by PUFAs is strictly paralleled their ability to remove Src family kinases from DRMs. Thus, our data provide evidence for a functionally important modification of DRMs by PUFAs thereby postulating a molecular mechanism for PUFA-mediated suppression of T cell activation.

Materials and Methods {#MaterialsMethods}
=====================

Antibodies
----------

Mouse mAbs MEM-43 (IgG2a), MEM-43/5 (IgG2b, both CD59), MEM-102 (IgG1, CD48), and lck-01 (IgG1, Lck) were all provided by Dr. V. Hořejší (Institute of Molecular Genetics, Prague, Czech Republic) and partly obtained from Monosan (Uden, The Netherlands). Other antibodies were purchased as follows: OKT3 (IgG2a, CD3) from Ortho Pharmaceuticals (Raritan, NJ); mAbs for Western blotting of Lck (clone 28, IgG2a) and Fyn (clone 25, IgG2b) from Transduction Laboratories (Lexington, KY); CD3ζ (8D3, IgG1) from PharMingen (San Diego, CA); F(ab′)~2~-fragments of goat anti--mouse (GAM)-IgG from Sigma Chemical Co. (St. Louis, MO) or Jackson ImmunoResearch Laboratories Inc. (West Grove, PA); HRP-labeled GAM-IgG from Bio-Rad Laboratories (Hercules, CA); FITC-labeled F(ab′)~2~-fragments of GAM-Ig from Dako (Glostrup, Denmark); TRITC-labeled F(ab′)~2~-fragments of GAM-IgG from Accurate (Westbury, NY).

Cell Culture and Lipid Modifications
------------------------------------

The human T cell line Jurkat E6-1 (American Type Culture Collection, Rockville, MD) was grown under standard conditions in RPMI 1640 medium supplemented with 10% heat-inactivated bovine calf serum (HyClone, Logan, UT), penicillin/streptomycin (50 U/ml and 50 μg/ml, respectively; GIBCO BRL, Gaithersburg, MD), and 2 mM glutamine (GIBCO BRL) at 37°C in humidified atmosphere in presence of 5% CO~2~. For modifications of cellular lipids, 2 × 10^5^ cells/ml were incubated for 2 d in serum-free Iscove\'s modified Dulbecco\'s medium (GIBCO BRL), supplemented with 0.4% (wt/vol) BSA (fraction V, containing less than 3 μM total fatty acids) purchased from Sigma Chemical Co. as all other reagents unless stated otherwise, 1 mg/l transferrin, 8.1 mg/l monothioglycerol, and glutamine and antibiotics as above ([@B50]). Free fatty acids of highest available quality (Sigma Chemical Co.) were added at 12.5--50 μM from stock solutions in ethanol (EtOH, final concentration ≤ 0.5%) into prewarmed and vigorously stirred medium before addition to cells. Control cultures always included ethanol at the appropriate concentration, and the solvent itself had no effect on signal transduction or biochemical analyses. In some experiments 10 μM butylated hydroxy-toluene (BHT) was included. Cell viability was \>90% as determined by trypan blue exclusion.

Lipid Analyses
--------------

Cell lipids were extracted with chloroform/methanol ([@B4]), dried under nitrogen, transmethylated with methanolic hydrochloric acid and separated by gas chromatography (HP 5890A; Hewlett-Packard, Palo Alto, CA) as detailed previously ([@B35]). In brief, a fused silica capillary column (50-m length, 0.25-mm inner diam, 0.1-mm layer thickness) was used with the following conditions: injection at 55°C, 10°C/min from 55--177°C, 1°C/min from 177--218°C, 4°C/min from 218-270°C. C-17 methylester was used as internal standard, and fatty acids were quantified by using commercial methylester standards. Unesterified cholesterol was quantified according to [@B22]. Data are presented as means ± SD and were compared by unpaired two-tailed Student\'s *t* test.

Quantitation of Calcium Response
--------------------------------

The stimulated rise in cytoplasmic calcium concentration was determined as described ([@B50]). In brief, Jurkat cells were labeled with the fluorescent Ca^2+^-indicator INDO-1 (Molecular Probes, Eugene, OR), primed with mAb MEM-43 or washing buffer (HBSS including 10 mM Hepes, pH 7.4) containing 1% BSA for 20 min, and were finally stimulated by cross-linking with F(ab′)~2~-fragments of GAM-IgG. The specificity of the reaction was elaborated previously ([@B50]). For CD3 stimulation, OKT3 was added directly without extra priming or cross-linking. Thapsigargin was added at 0.2 μM. Measurement of \[Ca^2+^\]~i~ by flow cytometry was performed on a FACStar^plus®^ (Becton Dickinson, San Jose, CA; excitation 333--363 nm, detection at 530 nm for calcium-free INDO-1 and at 395 nm for calcium-bound form) at 37°C constant temperature. The ratio of the fluorescence intensity at both wavelengths was computed as a direct estimate of the cytoplasmic calcium concentration ([@B19]), and results were expressed as percent of the solvent control as described ([@B50]).

Protein Tyrosine Phosphorylation
--------------------------------

Protein tyrosine phosphorylation was analyzed on 2 × 10^7^ Jurkat T cells stimulated by OKT3 (5 μg/ml) for 2 min at 37°C or left unstimulated. The reaction was stopped by addition of ice-cold washing buffer and pelleting by brief centrifugation (30 s, 13,000 *g*, 4°C). Cells (5 × 10^7^/ml) were immediately lysed for 30 min in ice-cold TBS (20 mM Tris-HCl, pH 8.2, 140 mM NaCl) containing 1% NP-40 (Pierce Chemical Co., Rockford, IL), 1 mM sodium orthovanadate, 10 mM NaF, 5 mM EDTA, and protease inhibitors (1 μM pepstatin, 10 μg/ml aprotinin \[Bayer, Leverkusen, Germany\], 5 mM iodoacetamide, 10 μg/ml leupeptin and 0.4 mM pefabloc \[Boehringer Mannheim, Mannheim, Germany\]). Nuclei were removed by brief centrifugation and proteins were analyzed by reducing SDS-PAGE and immunoblotting using HRP-labeled anti-phosphotyrosine antibody 4G10 (1:4,000; Upstate Biotechnology, Lake Placid, NY).

Analysis of DRMs
----------------

Jurkat T cells (4 × 10^7^) were washed three times in washing buffer and incubated in 1 ml hypotonic buffer (42 mM KCl, 5 mM MgCl~2~, 10 mM Hepes, pH 7.4) for 15 min on ice in the presence of protease inhibitors. Cells were broken by passing 10 times through a 26-G needle and checked by microscopy. Post-nuclear supernatants were prepared (200 *g*, 10 min, 4°C) and plasma membranes were enriched by centrifugation at 10,000 *g* for 10 min at 4°C ([@B13]). Membrane pellets were lysed for 30 min on ice in 0.5 ml lysis buffer consisting of TBS including 1% Brij-58 (Pierce Chemical Co.) and protease inhibitors ([@B50]). Lysates were adjusted to 40% (wt/vol) sucrose, placed under a 5--20% linear sucrose gradient in TBS with protease inhibitors and ultracentrifuged (345,000 *g*, 18 h, 4°C; SW60Ti; Beckman Instruments, High Wycombe, Buckinghamshire, UK). 400-μl fractions were collected from the top. In some experiments, 100-μl aliquots of fractions were diluted 10× with TBS and insoluble particles were spun down at 400,000 *g* for 1 h and pellets redissolved in SDS sample buffer. Proteins were separated by nonreducing SDS-PAGE ([@B25]) and blotted onto nitrocellulose membrane (Hybond ECL, Amersham, UK). Membranes were developed according to standard Western blotting procedures, and detection was performed by chemiluminescence (Boehringer Mannheim). For quantitative comparisons, films (X-omat AR; Eastman Kodak Co., Rochester, NY) were analyzed by densitometric scanning. Protein content was quantified by the BCA-assay using BSA standard (Pierce Chemical Co.).

Detection of GM1
----------------

Ganglioside GM1 was detected on dot blots of fractions onto nitrocellulose membrane, after blocking with 3% BSA in phosphate-buffered saline (pH 7.4), and binding of 2 ng/ml HRP-labeled cholera toxin B subunit (Calbiochem-Novabiochem, La Jolla, CA) in blocking buffer (adapted from [@B23]). Blots were washed 4× in TBS containing 0.05% Tween-20 (Pierce Chemical Co.) and detected by chemiluminescence.

Immunofluorescence Analysis
---------------------------

Cell surface expression of CD3 and CD59 on unfixed cells was detected by indirect immunofluorescence using FITC-labeled second antibody and quantified by flow cytometry. For microscopic examination of CD59, cells were either fixed as usual in 4% formaldehyde for 20 min followed by 0.1 M glycine, or by prolonged fixation (1 h) as proposed by [@B30] to prevent antibody-induced clustering. Lck was detected on cytoslides fixed in ice-cold acetone for 5 min using mAb lck-01 and all antigens were visualized by TRITC-labeled GAM-Ig.

Results {#Results}
=======

Enrichment of PUFAs in T Cells
------------------------------

Fatty acid composition of Jurkat T cells was modified by two day culture in medium supplemented with distinct fatty acids (Table [I](#TI){ref-type="table"}). Addition of any PUFA markedly increased their proportion in parallel with a decrease in monounsaturated fatty acids. Moreover, at least half of the originally added PUFA was elongated to C20 and C22 fatty acids with concomitant further unsaturation up to pentaenes ([@B29]), but hexaenes (22:6) were not synthesized by the cells ([@B15]). Membrane cholesterol content was not diminished by PUFA enrichment, ruling out that cholesterol lowering might underlie inhibition of signal transduction by GPI-anchored proteins ([@B50]).

Enrichment with PUFAs Inhibits T Cell Signaling
-----------------------------------------------

Fatty acid--modified T cells were stimulated via the transmembrane TCR--CD3 complex and GPI-anchored CD59 and analyzed for the rise in cytoplasmic calcium concentration. Whereas enrichment with saturated and monounsaturated fatty acids did not change calcium response in T cells, PUFAs dose-dependently inhibited signaling via both CD3 and CD59 (Fig. [1](#F1){ref-type="fig"}, *a* and *b*). Signal transduction via CD59 was more heavily affected than CD3 signaling, and at 50 μM fatty acid concentration calcium response was decreased to 20% and 60%, respectively, of the solvent control. Cell surface expression of CD3 and CD59 was essentially unaltered in all instances, except for cells treated with 50 μM of 16:0 which showed a decrease in CD59 expression to 88% of control, and those treated with maximal concentrations of 18:2 (n-6) and 20:4 (n-6) that overexpressed CD3 to 162% and 143% of control levels, respectively (data not shown). Addition of the antioxidant BHT to the culture did not reverse PUFA-mediated inhibition of calcium signaling ruling out that fatty acid oxidation was responsible for this effect (Fig. [1](#F1){ref-type="fig"} *c*). Moreover, maximal rise in cytoplasmic calcium concentration as induced by incubation with the endoplasmic reticulum \[Ca^2+^\]-ATPase inhibitor thapsigargin was unaltered in PUFA-enriched T cells compared with controls indicating that calcium influx itself was not affected by the treatment (Fig. [1](#F1){ref-type="fig"} *d*). Thus, enrichment of T cell lipids with PUFAs inhibits very early signaling events.

Calcium signaling requires generation of inositol 1,4,5-trisphosphate by phospholipid breakdown that by itself could be disturbed by membrane lipid alterations. However, also CD3 signaling independent of phospholipid cleavage, as is the induction of protein tyrosine phosphorylation, was markedly reduced in PUFA-enriched T cells (20:5) compared with the control (18:0) without apparent changes in the pattern of phosphoproteins (Fig. [2](#F2){ref-type="fig"}). Thus, inhibition of T cell signaling by PUFA enrichment involves protein tyrosine phosphorylation.

The increase in the proportion of PUFAs and particularly the unsaturation index of fatty acid--modified T cells was associated with inhibition of T cell signaling, but not in case of the very long chain docosahexaenoic acid (22:6 (n-3); see Table [I](#TI){ref-type="table"}, Fig. [1](#F1){ref-type="fig"}, *a* and *b*) that only moderately inhibited calcium response. Thus, not fatty acid unsaturation by itself but molecular changes differently induced by distinct PUFAs might underlie inhibition of T cell calcium response.

Localization of Membrane Proteins in PUFA-enriched T Cells
----------------------------------------------------------

Lipid--lipid interactions are crucial for the formation of membrane domains containing GPI-anchored proteins and Src family protein tyrosine kinases, thereby suggesting a role of membrane domains in signal transduction ([@B36]; [@B49]; [@B7]). Membrane domains may be detected by immunofluorescence, though protein clustering could be antibody-induced unless cells have been extensively fixed ([@B30]). Even on profoundly fixed cells, a clustered pattern of GPI-anchored CD59 was observed irrespective of whether cells have been cultured with PUFAs or noninhibitory fatty acids as exemplified by eicosapentaenoic (20:5 (n-3)) and stearic acid (18:0) in Fig. [3](#F3){ref-type="fig"}. Src family protein tyrosine kinase Lck, which from confocal analysis ([@B26]) is known to be located at the plasma membrane apart from its association with pericentrosomal vesicles (Fig. [3](#F3){ref-type="fig"}, *arrow*), showed a fine-grained distribution only in cells cultured under noninhibitory conditions (Fig. [3](#F3){ref-type="fig"}). In contrast to control cells, most of the presumed plasma membrane Lck was diffusely dispersed in PUFA-enriched T cells. Thus, immunofluorescence analyses provided a hint that organization of plasma membrane domains could be disturbed in PUFA-enriched T cells.

PUFA Enrichment Selectively Modifies the Cytoplasmic Leaflet of DRMs
--------------------------------------------------------------------

DRMs consist of a lipid bilayer with GPI-anchored proteins and sphingolipids, e.g., GM1, residing in the exoplasmic leaflet and Src family protein tyrosine kinases attached to the cytoplasmic leaflet. Since the enhanced unsaturation of fatty acyl moieties in PUFA-enriched cells could disturb lipid--lipid interactions in DRMs, we analyzed fatty acid--treated T cells for the location of these marker components in DRMs by floating in density gradients. As shown in Fig. [4](#F4){ref-type="fig"}, nearly all GPI-anchored CD59 and CD48 from cells treated with saturated or monounsaturated fatty acids floated up to DRM fractions 4--7 containing 9--17% sucrose (buoyant density 1.034--1.070 g/cm^3^), though these fractions together comprised only about 1% of total protein. Similar to controls, GPI-anchored proteins from PUFA-enriched T cells were recovered almost exclusively in DRM fractions 4--7. In addition to GPI-anchored proteins, most of the ganglioside GM1 was located in DRM fractions irrespective of fatty acid enrichment. Thus, the outer leaflet of DRMs as detected by GPI-anchored proteins and sphingolipids was not altered in T cells enriched with PUFAs.

Src family kinase Lck is critically involved in the initiation of TCR signal transduction ([@B56]). Lck is required for phosphorylation and hence activation of PLCγ1, which links the kinase cascade to inositol 1,4,5-trisphosphate generation and calcium signaling, whereas the role of Src family kinase Fyn in this signaling pathway is less well documented. Src family kinases p56^lck^ and p59^fyn^ were predominantly located in DRM fractions 4--7 only when cells were cultured with saturated or monounsaturated fatty acids (Fig. [4](#F4){ref-type="fig"}). Particularly with 18:0, an additional p60^lck^ was detected that is known to be due to Lck serine phosphorylation and not to enhance catalytic activity of the kinase ([@B55]). In contrast to saturated and monounsaturated fatty acids, membranes from T cells enriched with polyunsaturated linoleic (18:2 (n-6)) or eicosapentaenoic acid (20:5 (n-3)) showed a strong shift of Lck from DRMs toward higher density fractions, and Fyn was almost totally displaced from DRMs in PUFA-enriched T cells. A small proportion (∼10%) of CD3ζ was also found in DRMs, and this proportion was moderately reduced in PUFA-enriched cells (Fig. [4](#F4){ref-type="fig"}). Since the transmembrane CD3ζ molecule largely consists of a cytoplasmic domain, interactions with palmitoylated proteins, as are Src family kinases, might occur that would not only explain its localization in DRMs but also its displacement from DRMs in PUFA-enriched T cells. Notably, in contrast to other PUFAs, T cells enriched with the highly unsaturated docosahexaenoic acid (22:6 (n-3)), which only moderately inhibited calcium response (Figs. [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}), displaced Src family kinase Lck from DRMs to a considerably minor extent. In conclusion, PUFA enrichment selectively altered the cytoplasmic layer of DRMs particularly by displacing Src family protein tyrosine kinases from DRMs to other membrane regions.

Notably, part of Src family kinases from PUFA-enriched T cells, particularly from cells treated with eicosapentaenoic acid (20:5 (n-3)), was recovered from intermediate fractions 8 and 9 containing 18--27% sucrose (buoyant density 1.070--1.115 g/cm^3^; Fig. [4](#F4){ref-type="fig"}). This intermediate fraction contained ∼10% of total protein and was clearly separated from DRMs in fractions 4--7 and the mass of soluble proteins (89%) in fractions 10 and 11. In contrast to GPI-anchored proteins and Src-family kinases from DRM fractions 4--7, Lck from intermediate fractions could be pelleted only in trace amounts (Fig. [5](#F5){ref-type="fig"}), suggesting that Lck originally located in detergent-soluble parts of the membrane was recovered in this fraction.

Correlation of Signal Transduction in PUFA-enriched T Cells with the Presence of Src Family Kinase Lck in DRMs
--------------------------------------------------------------------------------------------------------------

The presence of Src family protein tyrosine kinase Lck in DRMs strictly correlated with calcium response via CD3 and CD59 in fatty acid--treated cells and could also explain the attenuated inhibition by docosahexaenoic acid (22:6 (n-3)) as illustrated in Fig. [6](#F6){ref-type="fig"}. The correlation obtained with Fyn was less apparent (data not shown). The correlation with Lck further emphasized that the displacement of this Src family kinase from DRMs represents a functionally important alteration leading to inhibition of signal transduction in PUFA-enriched T cells.

Discussion {#Discussion}
==========

PUFAs exert strong inhibitory effects on T cells by yet unknown molecular mechanisms. The data presented here provide evidence that the PUFA-induced inhibition of T cell activation is due to displacement of Src family kinase Lck from the cytoplasmic layer of DRMs. These findings not only demonstrate the possibility to selectively alter parts of the DRM lipid bilayer but also emphasize a possible role of DRMs in pathophysiologic or pharmacologic processes.

DRMs are membrane domains and thus consist of two lipid layers ([@B8]). However, only lipid constituents of the outer layer, sphingolipids, and cholesterol, are known to mediate the formation of an liquid-ordered state that confers detergent insolubility and separates DRMs from other membrane parts that are in a liquid-crystalline phase ([@B1]; [@B43]). The concentration of Src family protein tyrosine kinases ([@B49]; Shenoy Scaria et al., 1992; [@B5]) and G-protein α-subunits ([@B48]) in the inner layer clearly shows that the organization of DRMs is not confined to the outer layer. However, the nature of the inner leaflet and its interaction with the outer layer is still under debate ([@B9]; [@B21]). The raft hypothesis ([@B47]) suggests that very long chain fatty acyl moieties from sphingolipids may interdigitate partially into the cytoplasmic lipid leaflet. It was speculated that this interference may favor inner leaflet phospholipids with saturated acyl chains to be concentrated at the cytoplasmic layer of DRMs ([@B21]). Thus, Src family protein tyrosine kinases, which are attached to the cytoplasmic layer usually by saturated acyl moieties (myristoyl, palmitoyl) may be forced into DRMs. According to this model, enhancing the degree of unsaturation within DRM lipids could disturb the inner lipid layer and, consequently, exclude Src family protein tyrosine kinases from membrane domains. The less predominant effect of very long chain docosahexaenoic acid (22:6 (n-3)), which did not lead to accumulation of PUFAs of 20 carbon chain length or less, could be due to partial exclusion of 22 carbon fatty acids from the inner layer of DRMs. It would be highly interesting, whether PUFAs exert similar effects on DRM composition and signal transduction in caveolin-expressing cells or whether the presence of this protein could abolish PUFA-induced functional and/or biochemical effects.

On the other hand, so-called protein palmitoylation, which mediates the localization of Src family kinases and other proteins on the cytoplasmic leaflet of DRMs, may not be restricted to palmitoyl moieties but may also attach even unsaturated fatty acids ([@B32]). Therefore, the PUFA-induced dislocation of Src family kinases could be due to altered protein acylation. However, regardless of whether unsaturated membrane lipids or altered protein acylation or both may underlie the displacement of Src family protein tyrosine kinases out of DRMs after PUFA enrichment, this finding revealed that the composition of the outer and the inner leaflet of DRMs can be modified independently of each other.

Src family kinases displaced from DRMs by PUFA enrichment occurred in a fraction of intermediate density. However, Lck from this fraction could not be pelleted, thereby distinguishing the intermediate fraction from previously published DRMs of higher density ([@B34]). The lack of sedimentability could suggest that the kinase was no longer attached to detergent-insoluble complexes. Alternatively, DRMs may be altered so that the detergent-insoluble complexes derived from them loose sedimentability, e.g., due to reduced size ([@B33]). With respect to the latter hypothesis, Src family kinases recovered from intermediate fractions could have been located in structurally altered membrane domains from which, in contrast to the study by [@B33], typical DRM marker molecules residing in the external membrane leaflet were excluded. In contrast to Lck, CD3ζ from intermediate and high-density fractions could be pelleted irrespective of fatty acid enrichment (data not shown) which is presumably due to its known cytoskeletal association ([@B11]). Thus, the intermediate fraction seems to contain a mixture of complexes, and the exact nature of membranes to which Src family kinases localize in PUFA-enriched T cells has yet to be elucidated.

Our data emphasize the importance of Src family kinase Lck to be located in DRMs for signal transduction. Interestingly, a transmembrane Lck mutant lacking acylation sites is excluded from DRMs in transfected T cells and does no longer transduce signals when stimulated via CD3 alone ([@B24]). In addition, differences in the activity of Lck localized in various membrane domains have been described ([@B2]; [@B37]). Moreover, the integrity of DRMs has most recently been demonstrated to be critical for efficient T cell signaling ([@B57]). According to these studies, the dislocation of Src family protein tyrosine kinase Lck as shown here could be the primary mechanism underlying PUFA-mediated T cell inhibition.

GPI-anchored proteins particularly depend on DRMs for signal transduction since these membrane domains mediate the association with Src family protein tyrosine kinases ([@B49]; [@B7]; [@B28]; [@B52]). Apart from inhibition of TCR--CD3 signaling ([@B15]; [@B54]), PUFA enrichment affected stimulation via GPI-anchored CD59 to an even greater extent (Fig. [1](#F1){ref-type="fig"}). The stronger abrogation of signal transduction via CD59 could be due to the fact that DRMs are the only means for GPI-anchored proteins to interact with Src family kinases. Our previous results, showing that cholesterol lowering selectively inhibits signaling via GPI-anchored proteins but not via CD3 in T cells, demonstrated that pathways involved in CD59 and CD3 signaling can be differentiated by means of their lipid requirements ([@B50]). In contrast to PUFA enrichment, signal transduction inhibition by cholesterol depletion was not accompanied by detectable changes in DRM composition ([@B50] and unpublished data). Thus, lipids may modulate T cell signaling by different mechanisms and provide a means for influencing various signaling pathways in common or separately from each other.

In conclusion, the partial disruption of DRMs by PUFA leading to exclusion of Src family protein tyrosine kinases attached to the cytoplasmic side revealed a dynamic interference between both lipid layers within membrane domains whose modification leads to pronounced functional alterations. Since dietary PUFAs have been shown to be effectively incorporated into leukocyte membrane lipids with concomitant functional changes ([@B6]; [@B51]; [@B39]) these subcellular alterations appear to be also of clinical importance.
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Modification of T Cell Fatty Acid Composition

                          EtOH[‡](#TFI-152){ref-type="table-fn"}             18:0                                                 18:1 (n-9)                                           18:2 (n-6)                                           18:3 (n-3)                                           20:4 (n-6)                                           20:5 (n-3)                                           22:6 (n-3)
  -------------------- -- ----------------------------------------------- -- ------------------------------------------------- -- ------------------------------------------------- -- ------------------------------------------------- -- ------------------------------------------------- -- ------------------------------------------------- -- ------------------------------------------------- -- -------------------------------------------------
  14:0                     1.8 ± 0.2[§](#TFI-153){ref-type="table-fn"}        1.1 ± 0.3                                            1.0 ± 0.2                                            1.3 ± 0.2                                            1.7 ± 0.3                                            1.5 ± 0.3                                            1.6 ± 0.1                                            1.7 ± 0.3
  16:0                    26.4 ± 0.7                                         17.0 ± 1.4[\*\*](#TFI-165){ref-type="table-fn"}      19.0 ± 1.9[\*\*](#TFI-160){ref-type="table-fn"}      22.1 ± 2.3                                           29.6 ± 2.3                                           24.7 ± 2.1                                           24.3 ± 1.0[\*](#TFI-150){ref-type="table-fn"}        28.3 ± 1.5
  16:1                     7.0 ± 0.7                                          2.6 ± 0.6                                            2.0 ± 0.5                                            2.1 ± 1.0[\*\*](#TFI-160){ref-type="table-fn"}       4.1 ± 1.5[\*](#TFI-150){ref-type="table-fn"}         2.1 ± 0.9[\*](#TFI-150){ref-type="table-fn"}         2.1 ± 0.7[\*\*](#TFI-160){ref-type="table-fn"}       3.4 ± 0.6[\*\*](#TFI-160){ref-type="table-fn"}
  18:0                    10.8 ± 0.4                                         14.5 ± 1.4                                           12.7 ± 1.7                                           10.1 ± 0.3                                           10.6 ± 2.5                                           10.2 ± 0.5                                           10.8 ± 1.0                                           12.8 ± 0.2[\*\*](#TFI-160){ref-type="table-fn"}
  18:1 (n-9)              24.7 ± 0.0                                         39.8 ± 0.5[\*\*](#TFI-165){ref-type="table-fn"}      41.9 ± 4.4[\*](#TFI-150){ref-type="table-fn"}         8.7 ± 1.2[\*\*](#TFI-165){ref-type="table-fn"}      14.1 ± 4.5                                            9.1 ± 0.9[\*\*](#TFI-160){ref-type="table-fn"}      10.0 ± 0.3[\*\*](#TFI-165){ref-type="table-fn"}      13.6 ± 0.6[\*\*](#TFI-165){ref-type="table-fn"}
  18:1 (n-7)               9.0 ± 1.0                                          4.9 ± 0.6[\*\*](#TFI-160){ref-type="table-fn"}       4.3 ± 0.6[\*\*](#TFI-160){ref-type="table-fn"}       2.5 ± 0.6[\*\*](#TFI-160){ref-type="table-fn"}       3.3 ± 0.8[\*\*](#TFI-160){ref-type="table-fn"}       2.3 ± 0.3[\*\*](#TFI-160){ref-type="table-fn"}       2.4 ± 0.1[\*\*](#TFI-160){ref-type="table-fn"}       3.2 ± 0.3[\*\*](#TFI-160){ref-type="table-fn"}
  18:2 (n-6)               1.9 ± 0.4                                          1.4 ± 0.2                                            1.2 ± 0.2                                           11.5 ± 0.8[\*\*](#TFI-165){ref-type="table-fn"}       4.4 ± 3.0                                            1.4 ± 0.4                                            1.7 ± 0.4                                            1.8 ± 0.3
  18:3 (n-6)               0.2 ± 0.0                                          0.1 ± 0.0                                            0.1 ± 0.0                                            1.8 ± 0.5                                            0.1 ± 0.0                                            0.3 ± 0.1                                            0.1 ± 0.0                                            0.1 ± 0.0
  18:3 (n-3)               0.3 ± 0.1                                          0.2 ± 0.0                                            0.1 ± 0.0                                            0.1 ± 0.0                                            6.1 ± 2.1[\*](#TFI-150){ref-type="table-fn"}         0.1 ± 0.0                                            0.2 ± 0.0                                            0.1 ± 0.0
  18:4 (n-3)               0.2 ± 0.1                                          0.1 ± 0.0                                            0.1 ± 0.0                                            0.0 ± 0.0                                            1.0 ± 0.3                                            0.1 ± 0.0                                            0.1 ± 0.0                                            0.2 ± 0.0
  20:0                     0.2 ± 0.1                                          0.3 ± 0.0                                            0.2 ± 0.0                                            0.1 ± 0.0                                            0.2 ± 0.1                                            0.2 ± 0.0                                            0.2 ± 0.0                                            0.2 ± 0.0
  20:1 (n-9)               2.0 ± 0.1                                          4.0 ± 0.1[\*\*](#TFI-165){ref-type="table-fn"}       4.5 ± 0.5[\*](#TFI-150){ref-type="table-fn"}         1.0 ± 0.1                                            0.9 ± 0.1                                            0.9 ± 0.0                                            1.0 ± 0.1                                            1.2 ± 0.1
  20:2 (n-6)               0.4 ± 0.1                                          0.3 ± 0.0                                            0.3 ± 0.1                                            2.6 ± 0.1                                            1.2 ± 0.7                                            0.4 ± 0.0                                            0.5 ± 0.1                                            0.5 ± 0.1
  20:3 (n-9)               2.6 ± 0.2                                          3.6 ± 0.2                                            3.0 ± 0.2                                            0.3 ± 0.1                                            0.2 ± 0.1                                            0.4 ± 0.0                                            0.3 ± 0.0                                            0.4 ± 0.0
  20:3 (n-6)               1.9 ± 0.3                                          1.6 ± 0.2                                            1.1 ± 0.2                                           16.5 ± 3.3[\*](#TFI-150){ref-type="table-fn"}         2.0 ± 0.5                                            2.7 ± 0.0                                            1.7 ± 0.1                                            2.0 ± 0.2
  20:4 (n-6)               4.0 ± 0.4                                          2.9 ± 0.2                                            2.1 ± 0.3                                            7.3 ± 0.5[\*\*](#TFI-160){ref-type="table-fn"}       1.5 ± 0.4                                           19.1 ± 2.5[\*\*](#TFI-160){ref-type="table-fn"}       1.3 ± 0.0                                            2.2 ± 0.0
  20:5 (n-3)               0.1 ± 0.0                                          0.1 ± 0.0                                            0.0 ± 0.0                                            0.0 ± 0.0                                            4.5 ± 1.4[\*](#TFI-150){ref-type="table-fn"}         0.1 ± 0.0                                           12.9 ± 1.5[\*\*](#TFI-160){ref-type="table-fn"}       2.0 ± 0.2
  22:0                     0.3 ± 0.0                                          0.3 ± 0.0                                            0.2 ± 0.1                                            0.2 ± 0.1                                            0.3 ± 0.1                                            0.2 ± 0.1                                            0.2 ± 0.0                                            0.2 ± 0.0
  22:1 (n-9)               0.6 ± 0.2                                          0.7 ± 0.0                                            0.7 ± 0.1                                            0.3 ± 0.1                                            0.4 ± 0.1                                            0.3 ± 0.1                                            0.4 ± 0.1                                            0.3 ± 0.1
  22:4 (n-6)               2.9 ± 0.4                                          1.7 ± 0.1                                            2.1 ± 0.3                                            8.6 ± 0.2[\*\*](#TFI-165){ref-type="table-fn"}       1.1 ± 0.3                                           20.6 ± 0.9[\*\*](#TFI-165){ref-type="table-fn"}       1.1 ± 0.1                                            1.2 ± 0.0
  22:5 (n-6)               0.5 ± 0.1                                          0.3 ± 0.1                                            0.3 ± 0.1                                            0.6 ± 0.1                                            0.2 ± 0.1                                            0.9 ± 0.2                                            0.1 ± 0.0                                            0.1 ± 0.0
  22:5 (n-3)               0.6 ± 0.1                                          0.4 ± 0.0                                            0.4 ± 0.1                                            0.4 ± 0.0                                           10.1 ± 3.4[\*](#TFI-150){ref-type="table-fn"}         0.5 ± 0.0                                           24.2 ± 1.8[\*\*](#TFI-160){ref-type="table-fn"}       2.0 ± 0.1
  22:6 (n-3)               0.3 ± 0.0                                          0.2 ± 0.0                                            0.1 ± 0.0                                            0.1 ± 0.0                                            0.6 ± 0.2                                            0.1 ± 0.0                                            0.7 ± 0.3                                           21.0 ± 0.8[\*\*](#TFI-165){ref-type="table-fn"}
  24:0                     0.6 ± 0.4                                          0.9 ± 0.3                                            1.0 ± 0.2                                            1.2 ± 0.3                                            1.1 ± 0.3                                            1.1 ± 0.3                                            1.3 ± 0.5                                            0.9 ± 0.2
  24:1                     0.7 ± 0.0                                          1.0 ± 0.1                                            1.1 ± 0.1                                            0.5 ± 0.0                                            0.5 ± 0.1                                            0.4 ± 0.1                                            0.5 ± 0.1                                            0.4 ± 0.0
  Saturated               40.3 ± 1.2                                         34.2 ± 1.1[\*\*](#TFI-160){ref-type="table-fn"}      34.4 ± 6.1                                           35.1 ± 2.3[\*](#TFI-150){ref-type="table-fn"}        43.7 ± 1.6[\*](#TFI-150){ref-type="table-fn"}        38.0 ± 1.4                                           38.6 ± 0.1                                           44.2 ± 2.1
  Monounsaturated         44.0 ± 1.8                                         53.0 ± 1.2[\*\*](#TFI-160){ref-type="table-fn"}      54.5 ± 5.0                                           15.0 ± 2.9[\*\*](#TFI-165){ref-type="table-fn"}      23.3 ± 6.4[\*](#TFI-150){ref-type="table-fn"}        15.2 ± 1.9[\*\*](#TFI-165){ref-type="table-fn"}      16.4 ± 0.8[\*\*](#TFI-165){ref-type="table-fn"}      22.1 ± 1.6[\*\*](#TFI-165){ref-type="table-fn"}
  Polyunsaturated         15.7 ± 1.9                                         12.8 ± 1.2                                           11.0 ± 1.2[\*](#TFI-150){ref-type="table-fn"}        49.9 ± 5.0[\*\*](#TFI-165){ref-type="table-fn"}      33.0 ± 6.2[\*](#TFI-150){ref-type="table-fn"}        46.8 ± 2.9[\*\*](#TFI-165){ref-type="table-fn"}      45.0 ± 0.7[\*\*](#TFI-165){ref-type="table-fn"}      33.7 ± 0.5[\*\*](#TFI-165){ref-type="table-fn"}
  Unsaturation index       1.0 ± 0.1[‖](#TFI-155){ref-type="table-fn"}        1.0 ± 0.0                                            0.9 ± 0.1                                            1.7 ± 0.1[\*\*](#TFI-160){ref-type="table-fn"}       1.5 ± 0.3                                            2.0 ± 0.1[\*\*](#TFI-165){ref-type="table-fn"}       2.3 ± 0.0[\*\*](#TFI-165){ref-type="table-fn"}       2.0 ± 0.0[\*\*](#TFI-165){ref-type="table-fn"}
  Cholesterol              7.4 ± 0.4 [¶](#TFI-154){ref-type="table-fn"}       8.0 ± 1.1                                            7.3 ± 0.5                                            8.5 ± 0.7                                           ND                                                   ND                                                    9.0 ± 0.2                                            7.6 ± 0.3

Significant differences to the solvent control are indicated by asterisks ( 

  *P* \< 0.05,  

  *P* \< 0.01,  

  *P* \< 0.001) for fatty acids exceeding 4.0 mol%.  

 Jurkat T cells were cultured for 48 h in medium supplemented with 25 μM of fatty acids or solvent (EtOH) as indicated.  

 Fatty acids are expressed in mol%; means ± SD from three independent determinations.  

 The unsaturation index is calculated as the mean number of double bonds per fatty acid.  

  μg/mg protein.  

![Calcium signaling in T cells enriched with different fatty acids. Jurkat T cells were cultured in medium supplemented with distinct fatty acids as indicated, and stimulated for calcium response via CD3 or GPI-anchored CD59. The maximal rise in cytoplasmic calcium concentration was monitored and is given as percent of the solvent control (*EtOH*; [@B50]). (*a* and *b*) Cells incubated with various amounts of fatty acids were stimulated via CD3 (*a*) or CD59 (*b*). Means from three independent analyses are given for each fatty acid. (*c*) T cells were cultured with or without 25 μM polyunsaturated arachidonic acid (20:4 (n-6)) in presence or absence of the antioxidant BHT (10 μM) were stimulated via CD3 or CD59 as indicated. (*d*) T cells cultured with 25 μM of different fatty acids or EtOH were incubated with thapsigargin for induction of maximal calcium influx.](JCB9805063.f1){#F1}

![Stimulation of protein tyrosine phosphorylation in PUFA-enriched T cells. Jurkat T cells were cultured in medium supplemented with 50 μM eicosapentaenoic (20:5 (n-3)) or stearic acid (18:0) which served as control. Cells were either left unstimulated or stimulated by mAb OKT3 for 2 min as indicated. Lysates from 4 × 10^5^ cells per lane (21.6 and 21.2 μg cell protein for 18:0 and 20:5-treated cells, respectively) were analyzed by Western blotting for tyrosine phosphorylated proteins (*PY*), and for CD3ζ to control for equal loading. Note that the phosphorylation of typical phosphoproteins as indicated on the left was markedly abolished in stimulated PUFA-enriched T cells compared with the control. Molecular mass of marker proteins are given in thousands on the right.](JCB9805063.f2){#F2}

![Distribution of GPI-anchored CD59 and Src family kinase Lck in fatty acid--modified T cells. Jurkat T cells cultured in the presence of either no fatty acid (*EtOH*), 25 μM saturated stearic acid (18:0) or polyunsaturated eicosapentaenoic acid (20:5 (n-3)) were fixed with paraformaldehyde and analyzed for the cell surface distribution of CD59 by immunofluorescence. CD59 was detected on cells fixed by conventional formaldehyde fixation (*CD59*; mAb MEM-43), or by prolonged fixation that was proposed to prevent antibody-induced clustering of surface proteins ([@B30]), but markedly interfered with immunodetection (*CD59 long fix.*; mAb MEM-43/5). For detection of Lck, fatty acid--modified cells were fixed in acetone before immunofluorescence staining. According to [@B26], Lck was localized on the plasma membrane and in pericentrosomal vesicles (*arrow*). Compared with the clustered pattern of Lck in untreated (*EtOH*) and 18:0-treated cells, Lck was rather diffusely distributed in PUFA-enriched T cells but without discrimination of the nucleus suggesting membrane localization of the kinase. Bar, 5 μm.](JCB9805063.f3){#F3}

###### 

Density gradient distribution of membrane constituents from fatty acid--modified T cells after lysis with nonionic detergent. (*a*) Membranes of T cells treated with 50 μM fatty acids were solubilized in lysis buffer containing 1% Brij-58 and fractionated by sucrose density gradient centrifugation. Floating fractions 4--7 indicate DRMs, fractions 8 and 9 were named intermediate, whereas most soluble proteins were localized at the bottom in fractions 10 and 11. Typical distribution of GPI-anchored proteins CD59 and CD48, ganglioside GM1, Src family kinases Lck and Fyn, and CD3ζ are shown from a single experiment from a total of 3--8 for each antigen. CD3ζ-blots were overexposed to illustrate its occurrence in DRM fractions. (*b*) Densitometric analysis of films shown in panel (*a*) with data from individual fractions given in percent of the whole gradient. The shape of the sucrose gradient is illustrated by the plain line within the GM1 histogram.

![](JCB9805063.f4a)

![](JCB9805063.f4b)

![Detergent-insolubility of gradient fractions in fatty acid-- treated T cells. Membranes of Jurkat T cells treated with 50 μM stearic acid (18:0) or polyunsaturated eicosapentaenoic acid (20:5 (n-3)) were fractionated by density gradient centrifugation as described in Fig. [4](#F4){ref-type="fig"}. Aliquots of individual fractions were diluted and pelleted to test for detergent-insoluble components. CD59 and Lck were detected in fractions and pellets by Western blotting.](JCB9805063.f5){#F5}

![Correlation of T cell calcium response with the presence of Lck in DRMs. T cells were treated with 50 μM of individual fatty acids or ethanol alone as given in Fig. [4](#F4){ref-type="fig"}. The proportion of Src family kinase Lck recovered in DRM fractions 4--7 as shown in Fig. [4](#F4){ref-type="fig"} is given on the abscissa, and means of calcium responses via CD3 (*a*) or GPI-anchored CD59 (*b*) are displayed on the ordinate. Note the close correlation between both parameters in all fatty acid treatments.](JCB9805063.f6){#F6}
